Introduction
Cell therapy serves as the most challenging, yet potentially the most successful application of stem cells.
Mesenchymal stem cells (MSCs) are defined as mesenchymal progenitor cells with capability of self-renewal and differentiation into specialized linage in response to appropriate signals [1, 2] . Using cells seeded in suitable biomaterials to mimic the in vivo biochemical and biophysical micro-environment is a typical tissue engineering strategy, which has shown promising results in treating irreparable injuries of native tissues caused by diseases [3] .
Nevertheless, before stem cells based therapies can be applied in clinics, many issues need to be elucidated to gain a precise control over cell self-renewal and differentiation. In addition, a better understanding of the interplay between MSCs and their surrounding micro-environment components including: growth factors, cell-cell, and cellextracellular matrix interactions are needed to fully comprehend the cellular events [4] . Recent studies have shown the importance of mechanical cues, including the stiffness of the substrate, nano-topography of the surface, and extracellular forces, in directing stem cell fate in vitro, even in the absence of biochemical factors [5] .
Stiffness and/or topography of cellular micro-environment along with physical factors such as tension can dictate stem cell fate determination. Although physical cues control MSC lineage specification by tuning the cytoskeleton, the full mechanism of how physical signals are sensed by cells and transformed into biochemical and biological signals remains unclear [6] . Numerous studies have focused intensively on the effects of chemical signals in differentiation of stem cells [7] but, the effects of physical/mechanical signals of the micro-environment on MSCs have long been neglected [8] . However, few studies provided evidence that both direct and indirect mechanical signals are important in regulating stem cell commitment. While most studies showed that compression forces can induce chondrogenic differentiation rather than osteogenesis, some studies have demonstrated the osteogenic effect of compressive loading on stem cells [9, 10] .
The aim of cell encapsulation is to entrap functional cells within a semi-permeable matrix. A suitable matrix must be biocompatible, support cell survival and also be permeable to oxygen, to permit diffusion of nutrients and removal of toxic metabolites [11] . Suitable materials for cell encapsulation should mimic the cells extracellular matrix. Many of these materials are based on hydrogels, which are highly hydrated and composed of hydrophilic polymers that are cross-linked to form 3D networks. Hydrogels derived from natural materials such as collagen have comparable structures to the extracellular matrix of many human tissues [12] .
Natural extracellular polymers such as collagen are encapsulation materials of choice since they are the most abundant scaffold protein in tissues [13] . Their specific cell-binding sites are involved in normal cell function, and they have excellent biocompatibility and negligible immunogenicity. Collagen has been used as carriers of antibiotics genes and proteins, as well as scaffolds [6] . However, because collagen has poor mechanical and shape stability, they are incompatible with current micro-encapsulation techniques, which involve vigorous mechanical disturbances including pressurized nozzle, emulsification or stirring during droplet generation [14] .
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Chan et al. [11] introduced a novel cell micro-encapsulation technique by entrapping hMSCs in a dense mesh-work of reconstructed rat tail collagen I fibres that generated self-assembled collagen/hMSC microspheres. Their approach illustrated the feasibility of utilising these microspheres for MSC delivery by investigating the microsphere injectability, the cellular growth kinetics and the migration capability in addition to their self-renewal capacity and multi-potent differentiating potential.
Therefore, our aim was to produce a soft 3D environment consisting of self-assembled collagen I fibres, able to support long term viability and proliferation of human embryonic stem cell-derived mesenchymal progenitors (hESMPs). Also to explore the effect of 3D controlled environment in encouraging osteogenic differentiation of hESMPs in the absence of external chemical and mechanical stimulation. We explored how physical properties of cell 3D micro-environment such as stiffness can influence cell growth and commitment. We also compared cellular response of undifferentiated hES-MPs with more mature cell line (MG-63 osteoblastic cells) and monitored short and long term cell viability of both cell lines in collagen microspheres.
Materials and Methods

MG-63 cell culture
MG-63 human osteocarcoma cells were cultured in media containing α-DMEM (Lonza, UK), 10% FBS (Labthech, USA), 1% penicillin and streptomycin and 1% L-glutamine all purchased from Sigma, UK. Cells were incubated at 37°C in 5% CO 2 . The medium was replenished every 3 days.
hES-MP cell culture
hES-MP cell line (Cellartis, Sweden) were cultured on 0.1% gelatine coated surfaces and expanded and proliferated in media containing 4 nM fibroblast growth factor-basic recombinant human (FGF-β) (Life technologies, USA) as recommended by manufacturer added to α-DMEM, 10% FBS, 1% penicillin and streptomycin and 1% L-glutamine.
Cell passages of 3-7 were used in the experiments. Cells were incubated at 37°C in 5% CO 2 . The medium was replenished every 2 days. (Table 1) .
Collagen gelation procedure and cell seeding
Collagen microspheres of 5 µL and 2.5 µL were dispensed in a 90 mm diameter Petri dish covered with UVirradiated parafilm and was incubated for 45 min at 37°C and 5% CO 2 to induce gelation of collagen solution.
Gelated collagen/hES-MPs or MG-63 microspheres were then gently flushed with medium from the parafilm into a separate Petri dish. Cell-seeded microspheres were maintained free-floating and the medium was replaced with fresh complete media every 48 h.
Collagen fibres density and microstructure
Microstructure of cell seeded and non-seeded collagen I fibre of bovine and rat tail was compared using scanning electron microscopy (SEM) (Philips XL-20, Cambridge, UK), second-harmonic generation (SHG) (Zeiss Axioskop 2FS MOT upright laser scanning confocal microscope equipped with tunable Chameleon Ti), confocal microscopy and collagen I specific fluorescent marker; Oregon Green ® 488 carboxylic acid succinimidyl ester (Invitrogen, UK).
A fluorescent microscope (Nikon Ti-E, UK) was then employed to identify the variability in collagen fibres organisation with and without cells and hES-MPs role in remodelling the collagen fibre micro-structure of collagen from different species. Non-seeded collagen microspheres were examined at 24 h (pc) while seeded collagen beads were assessed at days 7 and 21 pc. 9 and 11 post encapsulation. For each time point, 12 collagen microspheres were selected and bead diameters were measured to compare collagen gel contractibility using ImageJ software. 
Measurement of collagen microsphere contraction
Short and long term cell viability:
Statistics:
Measurement of microspheres diameter was performed three times using n = 10-12 collagen beads for each repeat. Visualisation of cell viability at different time points was performed using bright field filter of (Nikon Ti-E) on two or three samples of each condition during experimental repeat. Statistical differences of seeded hES-MPs versus MG-63s microspheres contraction and bovine collagen I contraction against rat tail collagen I was completed using one-way ANOVA with Sidak's and Tukey's post hoc test. Different letters represent significance at p < 0.05.
Results
3.
1 Collagen fibre micro-structure SEM microscopy of both seeded and none seeded gel showed a highly porous structure and random pore size with little or no visible aligned fibres in both rat tail and bovine collagen I gels over 21 day pc (Figure 1a-f) . The random orientation and mesh work of collagen fibres was confirmed by SHG microscopy. The results from SHG imaging showed no significant difference between microstructure of bovine and rat tail collagen I fibres. Both samples presented amorphous fibrous structures and few visible alignments of collagen fibres, with bovine sample emitting stronger signals and more visibly aligned fibres (Figure 2a-g ). Microstructure and fibres density of hES-MPs seeded bovine and rat tail collagen I microspheres were compared using SHG confocal microscope on days 7 and 21 pc, (a-c); bovine collagen fibre at day 7 pc, (d-f); rat tail collagen fibres at day 7 pc, (g-i), bovine collagen fibres at day 21 pc. Rat tail collagen fibre presented slightly higher intensity of signals suggesting the presence of more collagen fibres in the samples on day 7 pc. Scale bars=20 μm. Results of DNA pico green assay indicated that the total DNA and cell number remained fairly stable over 28 days pc ( Figure 6 ). The number of cells was reduced by 14% between day 1 and day 6 before steadily increasing by 6% on day 14 pc. The total DNA number alleviated to around 50 ng and reached the lowest cell number on day 21. 
Short and long-term cell viability of seeded hES-MPs/collagen microspheres
Collagen gel contraction
Monitoring hES-MPs/collagen beads showed that collagen microspheres with collagen concentration of 2 mg/mL and cell number of 1 × 10 6 cells/mL significantly contracted by an average of 43% within 7 days pc, while the The results of bovine and rat tail collagen gel contraction revealed that bovine collagen played greater role in supporting hES-MPs collagen contraction (Figure 8b ). Bovine collagen microspheres contracted considerably more within the first 3 day pc (39%), while rat tail collagen gel showed more stable contraction of 15% in the same period of time. On average rat tail collagen gel contracted 29% (p ≤ 0.0001) less than bovine within 3 day of gelation but in the second half of experiment the average diameter of rat tail collagen microsphere dropped significantly by 35% compared to 20% decrease in bovine sample to reach around 700 µm on day 7 pc.
Discussion
This study showed that undifferentiated and differentiated cells respond differently to stiffness of their environment as progenitor cells proliferated more and spread on lower concentration of rat tail collagen I gel (1.5 -2 mg/mL) while more differentiated cells (MG-63s) adapted better to a stiffer environment (3 mg/mL) with decreased viability on softer surfaces. These results are in agreement with Chan et al. [11] and Hong et al. [15] who showed that collagen concentration of 2 mg/mL and 3.5 mg/mL support proliferation of MSCs and human breast cancer cell line MDA-MB-231 respectively. More elongated cell morphology was observed in MG-63s compared to hES-MPs. One possible explanation would be terminally differentiated MG-63s selectively proliferated on higher stiffness of collagen scaffold that applied more local strains to the cells compared with hES-MPs less stiff environment. Both cell lines showed enhanced cellcell networks in microspheres peripheries 3 days after seeding and cell clustering was observed from day 21 pc onwards.
Cell density seemed to be more important than collagen concentration in microsphere contraction. As results 
Conclusions
Collagen microspheres can act as an efficient cell supporting system, providing high viability and proliferation efficiency in hES-MPs post encapsulation. Micro encapsulation technique is an efficient approach in fabricating self-assembled collagen/human hES-MPs microspheres that can be used as delivery devices for MSCs. A variety of collagen concentrations and seeding cell densities were examined to achieve the best condition for viability and proliferation of hES-MPs and MG-63 cell lines. Cell/collagen microspheres were built successfully and both cell lines showed good survival and long term growth in their new environment while, hES-MPs collagen microspheres presented significantly higher contraction over MG-63 seeded collagen beads. Self-assembled hES-MPs collagen microspheres present exceptional cell delivery model in bone healing and repair process and in addressing many inadequacies of the existing cell delivery approaches.
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